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Abstract. The paper presents a nation-wide spatially explicit
object-based assessment of buildings and citizens exposed to
natural hazards in Austria, including river flooding, torrential
flooding, and snow avalanches. The assessment was based on
two different data sets, (a) hazard information providing in-
put to the exposure of elements at risk, and (b) information on
the building stock combined from different spatial data avail-
able on the national level. Hazard information was compiled
from two different sources. For torrential flooding and snow
avalanches available local-scale hazard maps were used, and
for river flooding the results of the countrywide flood mod-
elling eHORA were available. Information on the building
stock contained information on the location and size of each
building, as well as on the building category and the con-
struction period. Additional information related to the indi-
vidual floors, such as their height and net area, main purpose
and configuration, was included for each property. Moreover,
this data set has an interface to the population register and
allowed, therefore, for retrieving the number of primary res-
idents for each building. With the exception of sacral build-
ings, an economic module was used to compute the monetary
value of buildings using (a) the information of the building
register such as building type, number of storeys and utilisa-
tion, and (b) regionally averaged construction costs.
It is shown that the repeatedly stated assumption of in-
creasing exposure due to continued population growth and
related increase in assets has to be carefully evaluated by
the local development of building stock. While some regions
have shown a clearly above-average increase in assets, other
regions were characterised by a below-average development.
This mirrors the topography of the country, but also the dif-
ferent economic activities. While hotels and hostels are ex-
traordinarily prone to torrential flooding, commercial build-
ings as well as buildings used for recreational purposes are
considerably exposed to river flooding. Residential buildings
have shown an average exposure, compared to the number of
buildings of this type in the overall building stock. In sum,
around 5 % of all buildings are exposed to torrential flood-
ing, and around 9 % to river flooding, with around 1 % of the
buildings stock being multi-exposed. The temporal assess-
ment of exposure has shown considerable differences in the
dynamics of exposure to different hazard categories in com-
parison to the overall property stock. In conclusion, the pre-
sented object-based assessment is an important and suitable
tool for nation-wide exposure assessment and may be used
in operational risk management.
1 Introduction
World-wide data on natural disasters suggest an increas-
ing number of reported events, of people affected and eco-
nomic losses, but – in the most-developed countries – a
decreasing number of reported fatalities since around 1900
(e.g. CRED, 2014; Munich Re, 2014). Regional analyses
supplement these global data, but these regional data are not
easily available because they are often not collected in global
databases due to relatively low event magnitudes only affect-
ing society on a regional or even local scale (United Nations,
2013). A review of Fuchs et al. (2013) has shown that over-
all conclusions on the dynamics of natural hazards, including
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Figure 1. Annual number of documented natural hazards causing losses in Austria. Data source: Austrian Federal Ministry of Agriculture,
Forestry, Environment and Water Management, 12/2014.
floods, landslides and snow avalanches, may be challenging
due to the inherent complexity behind data.
Focusing on mountain regions, an increase in hazardous
events and associated losses is repeatedly claimed (a) as a
result of increasing exposure of elements at risk (Mazzorana
et al., 2009; Preston, 2013), (b) due to natural fluctuations in
flood frequencies (Schmocker-Fackel and Naef, 2010), and
(c) due to the effects of climate change (e.g. Huggel et al.,
2012; Korup et al., 2012). In Fig. 1, the annual number of nat-
ural hazards triggering losses in the Eastern European Alps
(Republic of Austria) is shown. The underlying event docu-
mentation focused on different types of hazards but no fur-
ther detailed information on individual losses or loss pat-
tern is provided. The data for the period 1900–2014 de-
scribes snow avalanches, torrential flooding, landslides and
river flooding, as well as the 10 years moving average of the
total number per year. While between 1900 and 1959 an in-
crease in the annual number of hazard events of around a
factor of four can be concluded – presumably also due to an
improved event observation – between 1960 and 1964 a de-
crease of around 50 % is traceable, followed by an increase
due to the excessive events in 1965 and 1966. Since then, the
10 years moving average is steadily decreasing again, which
is in line with the increasing efforts into technical mitiga-
tion measures since the mid-1960s (Fuchs, 2009; Holub and
Fuchs, 2009). Due to the high number of hazard events in
1999, 2002, 2005 and 2009, however, the curve is again in-
creasing to around 440 events per year. During the period
of investigation, specific years with an above-average occur-
rence of individual hazard types can be traced as for example
snow avalanches in 1951, 1954, 1999 and 2009, torrential
flooding in 1965, 1966, 2005 and 2013, and river flooding
in 1904, 1959, 1966 and 2002. The trend reported in Fig. 1
is in clear contrast to the trends repeatedly presented for
world-wide data and indicating an exponential increase in the
number of events since the 1950s (e.g. Keiler, 2013). Apart
from hazard dynamics (the natural frequency and magnitude
of events), decreasing dynamics in mountain hazard losses
may result from (a) increased efforts into technical mitigation
(Keiler et al., 2012), (b) an increased awareness of threats be-
ing consequently considered in land-use planning (Wöhrer-
Alge, 2013; Thaler, 2014), both leading to less exposure, and
(c) a decline in vulnerability (Fuchs et al., 2007; Jongman et
al., 2015) which will not be further considered in the follow-
ing sections. Apart from the ongoing discussion of the effects
of climate change influencing the hazard trigger (e.g. Auer et
al., 2007; Keiler et al., 2010; Lung et al., 2013), the effects of
dynamics in exposure have so far not been sufficiently stud-
ied in the context of a possible influence on dynamics of dam-
aging events suggested by Fig. 1. Since spatially explicit data
on the dynamics of exposure remained fragmentary, data on
the temporal dynamics of natural hazard events resulted in
misleading conclusions with respect to the underlying causes
and effects (Pielke Jr., 2007), and studies on dynamics in loss
data may therefore have over-emphasized the effects of cli-
mate change (Barredo, 2009).
Focusing on exposure, the effectiveness of natural hazard
risk management depends on the availability of data and in
particular an accurate assessment of elements at risk (Jong-
man et al., 2014), which also requires a temporal and spa-
tial assessment of their dynamics. It has been repeatedly
claimed with respect to flood hazards in Europe that the main
driver of increases in observed losses over the past decades
is increased physical and economic exposure (Bouwer, 2013;
Hallegatte et al., 2013; Jongman et al., 2014). Until now,
however, in mountain regions of Europe such conclusions re-
main fragmentary since property data have only been avail-
able on the local scale as a result of individual case stud-
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ies. These – often conceptual – studies related to the tem-
poral dynamics of exposure to multiple types of mountain
hazards include both the long-term and the short-term evolu-
tion. Long-term changes were found to be a result from the
significant increase in numbers and values of properties en-
dangered by natural hazard processes, and can be observed
in both rural and urban mountain areas of Europe (Keiler,
2004; Fuchs et al., 2005; Keiler et al., 2006a; Shnyparkov
et al., 2012). Short-term fluctuations in elements at risk sup-
plemented the underlying long-term trend, in particular with
respect to temporary variations of people in hazard-prone ar-
eas and of vehicles on the road network (Fuchs and Bründl,
2005; Keiler et al., 2005; Zischg et al., 2005). These results
suggest that the spatial occurrence of losses is not so much
dependent on the occurrence of specifically large events with
high hazard magnitudes but more a result of an increased
number of elements at risk in endangered areas (Fuchs et
al., 2012). Most of the recent works, however, rely on local
object-based studies (Zischg et al., 2004; Fuchs et al., 2012)
or aggregated land use data (Bouwer et al., 2010; de Moel
et al., 2011; Cammerer et al., 2013), leading to substantial
uncertainties if up-scaled to a larger spatial entity (de Moel
and Aerts, 2011; Jongman et al., 2012a). Because of the lim-
ited data availability, comprehensive object-based and there-
fore spatially explicit analyses have thus not been extended
beyond the local or regional level (Kienberger et al., 2009;
Huttenlau et al., 2010; Zischg et al., 2013), and studies fo-
cusing on the national level in mountain regions using such
data remain fragmentary (Fuchs et al., 2013).
To contribute to this gap, we show how detailed prop-
erty level data can be used to improve the understanding of
trends in hazard exposure on a national level. We will ex-
plicitly focus on dynamics in elements at risk, neglecting
(a) any changes in the process dynamics due to underlying
changes in the natural system including the effects of climate
change, (b) any shifts in exposure due to the implementa-
tion of technical mitigation measures, and (c) any changes in
vulnerability. This allows for the assessment of dynamics in
property exposure, and will provide insights elements at risk
may have on changing risk in mountain environments leaving
other risk-contributing factors constant.
2 Methods
This study is based on two different data sets, (a) hazard in-
formation providing input to the exposure of elements at risk,
and (b) information on the building stock combined from dif-
ferent spatial data available on the national level. We consider
hazard information for river flooding, torrential flooding in-
cluding debris flows, and snow avalanches since these hazard
types are responsible for the majority of damages in the Eu-
ropean Alps (Sinabell and Url, 2007; Hilker et al., 2009). In
the following, the composition and preparation of data sets is
described.
2.1 Hazard information
Two different sources provide the base for compiling haz-
ard information. For mountain hazards accessible local-scale
hazard maps are used, and for river flooding the results of a
nation-wide flood modelling are available. This combination
of data sets was necessary because (a) for mountain hazards,
no nation-wide modelling is available in Austria and (b) for
river flooding, no nation-wide compilation of hazard maps
exists in contrast to mountain hazards due to the fact that
river flooding lies within the competency of the individual
Federal States.
In Austria, the method for hazard mapping is regulated
by a national legal act (Republik Österreich, 1975) and an
associated decree (Republik Österreich, 1976). The imple-
mentation of these regulations is assigned to the Federal
Ministry of Agriculture, Forestry, Environment and Water
Management (BMLFUW) and administrated by the govern-
mental departments of the Austrian Service for Torrent and
Avalanche Control (WLV). Since the mid-1970s, these gov-
ernmental departments have been progressively compiling
hazard maps for the communities affected by mountain haz-
ards based on available data and information on hazards as
well as modelling exercises (Holub and Fuchs, 2009). These
hazard maps are mostly compiled on a detailed local scale
of 1 : 2000 to 1 : 10 000 in order to decide whether or not
individual plots are affected by the different hazard types.
Hazard maps usually refer to individual catchments within
individual communities, and depict the area affected by a de-
sign event with a return period of 1 in 150 years. So far, 92 %
of all communities with an obligation for hazard mapping
in Austria do have a legally valid hazard map. According to
the Decree on Hazard Zoning (Republik Österreich, 1976),
red hazard zones indicate those areas where the permanent
utilisation for settlement and traffic purposes due to the ex-
posure to the design event is not possible or only possible
with extraordinary efforts for mitigation measures. Already
existing buildings in these areas are not allowed to be ex-
panded or to be used for other purposes than the existing
one. Yellow hazard zones indicate those areas where a per-
manent utilisation for settlement and traffic purposes is im-
paired by the design event. Red and yellow hazard zones of
different catchments and multiple hazard types may overlap,
and as a result elements at risk may be exposed to more than
one hazard type (multi-exposure, Kappes et al., 2012a, b).
While in some catchments there may be a temporal differen-
tiation of processes affecting the same elements at risk (snow
avalanches during winter and torrential processes in sum-
mer), in other catchments there may be a temporal overlap
of different processes occurring in the same period of time
(debris flows from the tributary and flooding in the receiving
channel), both affecting the same elements at risk. The avail-
able red and yellow hazard zones were provided digitally by
the Austrian Federal Ministry of Agriculture, Forestry, Envi-
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ronment and Water Management in March 2013 in order to
select exposed property.
For river flooding data from the digital eHORA platform
(http://www.hochwasserrisiko.at/) was used. This platform
provides information on the flooding extent using web-GIS
techniques, and has been jointly implemented by the Fed-
eral Ministry of Agriculture, Forestry, Environment and Wa-
ter Management and the Austrian Insurance Association in
terms of a public-private partnership on more than 25 000 of
a total of 39 300 river kilometres (Stiefelmeyer and Hlatky,
2008). By using a hydrological model probabilistic runoff
data for a 1 in 30, 100, and 300 year event was computed and
converted into water levels and flood zones based on a nation-
wide DEM and a digital slope model. Following an ongoing
discussion on the harmonisation of hazard mapping in Aus-
tria (Rudolf-Miklau and Sereinig, 2009), the 1 in 100 year
event was provided by the Austrian Insurance Association in
terms of a vector representation of flood plain boundaries and
taken for our analysis.
2.2 Data on the building stock
Since the implementation of the Federal Law related to the
Building Register (Republik Österreich, 2009), municipal-
ities in Austria are responsible for the collection and dig-
ital processing of specified information related to the en-
tire building stock. This information is centrally stored in a
database and contains information on the location and size
of each building, as well as on the building category and
the construction period (1919–2000) and year of construc-
tion (since 2001), respectively (Statistik Austria, 2012). The
latter information is related to the existing building stock.
However, even though a building will be destroyed, the in-
formation and property attributes will be archived in the
database and can be separately queried in order to provide
a full overview on the construction history. Additional infor-
mation related to the individual floors, such as their height
and net area, main purpose and configuration, is included
for each property. Moreover, this data set has an interface to
the population register and allows, therefore, for retrieving
the number of primary residents per accommodation unit for
each building. Because this information contains x and y co-
ordinates based on the address it can be processed within a
GIS environment. Each building is characterized by the main
use, which is assessed by the net area of used space for dif-
ferent purposes of every floor. If a minimum 50 % of the
total net area of the building is for residential purpose, the
building is characterized as a residential building. If the to-
tal sum of net areas for residential use is below 50 %, the
main use is derived from the use with the largest total net
area. If the net area of different types of use is the same, the
main use is hierarchically classified in decreasing order by
(1) hostels and hotels, (2) office buildings, (3) commercial
buildings, (4) communication and transportation buildings,
(5) industrial buildings, (6) buildings for cultural activities
and leisure, (7) agricultural buildings, (8) sacral buildings.
Building categories were taken from the classification within
the data set (Statistik Austria, 2012). Since the amendment of
the respective law (Republik Österreich, 2013) the data may
be used by the Federal administration for research purposes,
and as such the information was made available through the
Federal Ministry of Agriculture, Forestry, Environment and
Water Management.
2.3 Exposure analysis
In exposure analysis, the building data set was intersected
with the hazard information. The hazard information was
represented as polygon, and the address location in terms of
x and y coordinates by a point. A relational database com-
posed from different modules was created.
With the exception of sacral buildings, an economic mod-
ule was used to compute the monetary value of buildings us-
ing (a) the information of the building register such as build-
ing type, number of storeys and utilisation, and (b) regionally
averaged construction costs following a method outlined in
Fuchs and Zischg (2013) based on Keiler et al. (2006b) and
Kranewitter (2002). The construction costs were based on re-
placement values instead of market values following general
insurance principles (Fuchs and McAlpin, 2005), and were
adjusted to inflation using the respective index of construc-
tion costs (Statistik Austria, 2013).
An exposition module was applied to connect the spatially
defined information from the building register (x and y co-
ordinates) to the hazard information in order to achieve in-
formation whether or not a building is exposed. In this step,
an auxiliary data set on the building footprint of every build-
ing retrieved from the digital cadastral map was used to test
whether or not the spatial location of a building corresponds
to the point information of the digital building register and
to assign the information of the hazard map to the address
points. If the location of the x and y coordinates of the build-
ing did not match exactly with the location of the building,
they were snapped to the border of the nearest building foot-
print available within a distance of ≤ 15 m around a poly-
gon. Address information inside a polygon or in a distance
exceeding 15 m were not changed, the first was included in
the analyses as point information, the latter was excluded due
to missing preciseness in geographic location. Assuming that
hazards may damage buildings also if just parts are affected,
an intersection between the building footprint and the hazard
information was made. Thereby, any building was computed
as being part of the highest hazard intensity level it was in-
tersecting with.
Using information of the population register, the number
of exposed citizens (principal residences) was calculated on
the level of individual buildings.
The spatial and temporal analyses were relying on the in-
formation in the digital building register, i.e. on the construc-
tion period and construction year, respectively. As a result,
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Figure 2. Radar chart of exposure (percentage of numbers and reconstruction values) to river flooding, torrential flooding and snow
avalanches for different building categories.
the analysis of the dynamics of elements at risk is based on
present-day monetary values and actual numbers of citizens,
and can neither be used to deduce the historical composition
of society, nor the historical value distribution. However, this
approach can be used to indicate the temporal and spatial
dynamics beyond the economic development in the country,
and may therefore serve as a proxy for the absolute develop-
ment of exposure.
3 Results
In the following sections results from the analyses are pre-
sented, focusing on the number of exposed buildings and cit-
izens. Both the spatial and temporal analyses resulted in con-
siderable heterogeneities among the communities and among
different building categories. In Sect. 3.1 the results of the
spatial analysis are provided, and in Sect. 3.2 the results of
the temporal analysis are presented.
3.1 Results of spatial analysis
In Austria, 2 399 500 buildings are located, 319 026 of which
(13.3 %) are exposed to natural hazards (Table 1). Of these
almost 2.4 million buildings, 9 % (219 359) are exposed to
river flooding, and 5 % to mountain hazards (torrential flood-
ing 111 673 and snow avalanches 9009). Altogether, 298 248
buildings (93.5 % of exposed buildings and 12.4 % of the
entire building stock in Austria) are exposed to one hazard
type, and 20 778 buildings (6.5 % of exposed buildings and
0.9 % of the entire building stock in Austria) are exposed to
more than one hazard type: 18 089 buildings are exposed to
river and torrential flooding, 2595 to torrential flooding and
snow avalanches, 568 to snow avalanches and river flood-
ing, and 237 to river and torrential flooding as well as snow
avalanches.
Citizens exposed were defined as primary residents ac-
cording to the compulsory residency registration. When com-
paring the building stock with the number of primary resi-
dents, a slightly higher percentage (9.7 % versus 9.1 %) of
citizens is exposed to river flooding, while to mountain haz-
ards, a lower percentage (5.0 % versus 4.3 %) is affected.
In total, 1 125 601 citizens are exposed to natural hazards,
1 058 594 (94.0 % of the exposed residents and 13.3 % of the
entire population) to one type of hazard and 67 007 (5.95 %
of the exposed residents and 0.8 % of the entire population)
to more than one hazard type (Table 2).
Analysing the data set according to the type of building,
a considerable part of the building stock is composed from
residential buildings (category 1–3), but also a high number
of hotels (category 4) and commercial buildings (category 5–
8) is exposed (Table 3):
– a total of 2 056 322 residential buildings represent
85.7 % of the entire buildings stock in the country, but
only 12.62 % of them (259 687) are exposed;
– a total of 140 470 commercial buildings represent
5.86 % of the entire buildings stock in the country, and
21.06 % of them (29,593) are exposed;
– a total of 37 272 hotels and hostels represent 1.55 % of
the entire buildings stock in the country, and 23.04 % of
them (8589) are exposed.
Analysing Fig. 2 it becomes evident that – with the exception
of hostels and hotels – the percentage of buildings exposed
to torrential flooding is below the percentage of buildings ex-
posed to river flooding. A relatively high share of buildings
from the category of residential buildings and commercial
buildings is exposed to river flooding, whereas apart from
hostels and hotels a considerable percentage of sacral build-
ings and agricultural buildings is exposed within the haz-
ard type of torrential flooding. The percentage of hotels ex-
posed to torrential flooding is even higher than the percent-
age of hotels exposed to flooding, which is exceptional: the
other building categories exposed to torrential hazards fall
relatively below the river flooding exposure. Only a minor-
ity of buildings is exposed to snow avalanches. Moreover,
www.nat-hazards-earth-syst-sci.net/15/2127/2015/ Nat. Hazards Earth Syst. Sci., 15, 2127–2142, 2015
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it can be deduced from Fig. 2 that the exposed values are
higher for buildings exposed to river flooding in almost all
building categories, and lower for buildings exposed to tor-
rential flooding. The exception is again within the group of
hostels and hotels, as well as agricultural buildings, garages,
pseudo buildings and detached houses. Sacral buildings were
not considered during economic analysis.
If queried spatially on a municipal level, considerable dif-
ferences would manifest throughout the country, as shown
in Fig. 3 by using a bipolar representation. The reference
for Fig. 3 (left column panels) was the number of buildings
which are affected by the respective hazard. Communities
with no hazard data available are shown in grey colours and
were not considered during the set of computations. The ref-
erence for Fig. 3 (right column panels) was the number of
primary residents exposed to the respective hazard, and again
grey colours show communities which were not considered
because of missing hazard information.
– Regarding snow avalanches, the mean number of ex-
posed buildings is 30.4 per municipality focusing on
avalanche-prone municipalities, and the mean number
of exposed principal residents is 79.6. The highest ex-
posure is found in those municipalities next to the main
chain of the Alps in western Austria (Federal States of
Vorarlberg and Tyrol).
– The mean number of buildings exposed to torrential
processes is 87.7 per municipality focusing on torrent-
prone municipalities, and the mean number of exposed
principal residents is 269.3. Apart from some outliers
the highest exposure can be found in the Federal State
of Salzburg as well as in municipalities of adjacent Fed-
eral States.
– River flooding is a threat to almost the entire country,
and a mean number of 97.1 buildings is exposed per mu-
nicipality. Due to the considerable number of buildings
exposed to river flooding in the larger Vienna agglom-
eration, the highest exposure can be found in this area.
Moreover, communities along the larger rivers show an
above-average exposure. The mean number of exposed
principal residents is 365.9 per municipality.
To summarise the nation-wide spatial assessment, around
13 % of the entire building stock and 13 % of the principal
residents are exposed to the considered natural hazard sce-
narios in Austria, while considerable regional differences are
manifested: While in the Federal States of Salzburg and Ty-
rol, 28.5 and 26.3 % of the entire building stock as well as
33.5 and 31.1 % of the residents are exposed, in Vienna it is
only 1.9 and 1.3 %. While only around 5 % of all buildings
and 4.3 % of the residents in Austria are exposed to mountain
hazards (torrential flooding and snow avalanches), around
9 % of all buildings and almost 10 % of the residents are ex-
posed to river flooding. Above-average exposure to mountain
hazards can be found in the Federal States of Salzburg, Tyrol
and Vorarlberg, and buildings in Salzburg, Tyrol and Lower
Austria are exceptionally prone to river flooding (Tables 1
and 2). Almost 1 % of the entire properties and 0.8 % of the
residents have to be classified as being multi-exposed, which
is, according to the topography of the country, a very low
value.
3.2 Results of temporal analysis
In Fig. 4 the temporal analysis of the building stock in Aus-
tria is presented. There is evidence that the absolute number
of buildings exposed to individual hazard types steadily in-
creases in the country, which means that over the study pe-
riod there were no exceptional construction activities trace-
able in either flood-prone areas or areas prone to torrential
hazards (Fig. 4a). In contrast, a considerable increase of non-
exposed buildings is evident for the period since the 1950s.
Additionally, it can clearly be shown that exposure to snow
avalanches is relatively low compared to other hazard cat-
egories, even if individual events occurred leading to con-
siderable economic losses in recent decades (Fuchs et al.,
2013). Since 1919, the total number of properties in Aus-
tria has increased by 643 % from 373 067 to 2 399 500 build-
ings. For 4.25 % of buildings, however, a year of construc-
tion was missing in the data and they were therefore ex-
cluded from further analysis. The total number of proper-
ties exposed to river flooding has increased by 650 % from
33 697 to 219 359 buildings (4.16 % excluded due to missing
information on the year of construction). The total number of
properties exposed to torrential flooding has risen by 594 %
from 18 797 to 111 673 buildings (3.35 % excluded due to
missing information on the year of construction). The total
number of properties exposed to snow avalanches has risen
by 433 % from 2081 to 9009 buildings (2.9 % excluded due
to missing information on the year of construction). Based
on absolute figures it has to be concluded that the growth
rate is almost the same for buildings exposed to river flood-
ing and non-exposed buildings, whereas for torrential flood-
ing the growth rate is slightly lower and for snow avalanches
the rate is considerably lower.
In Fig. 4b, the growth rate is shown for the building
stock exposed to torrential and river flooding as well as
snow avalanches, based on the respective construction pe-
riod 1919–2012. Additionally, the growth rate of the overall
building stock is provided. While the growth rate of the build-
ings exposed to river flooding is above the overall growth
rate over the entire time period, the growth rate of buildings
exposed to torrential flooding is below this rate for the pe-
riod prior to 1960 and after 1980. For the period 1960–1980,
both rates are almost the same. The growth rate of buildings
exposed to snow avalanches is clearly below over the entire
time span.
In Fig. 4c, the average annual number of newly con-
structed buildings is shown for the different hazard cate-
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Figure 3. Number of buildings and primary residents exposed to snow avalanches, torrential flooding and river flooding in Austria, shown as
deviation from mean.
gories. Until the 1970s, this number has risen remarkably
and since then, the number of new constructions is decreas-
ing. Since 2000, however, there is again a slight increase de-
tectable. What is evident, however, that the curves for river
flooding and torrential flooding follow the same pattern over
the study period. The annual growth was lowest in the period
1919–1944 (snow avalanches: 19, torrential flooding: 286,
river flooding: 731 new buildings per year, for compari-
son annual growth for the entire building stock: 6894 build-
ings per year) and highest in the period 1971–1980 (snow
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avalanches: 132, torrential flooding: 1614, river flooding:
2931 new buildings per year, for comparison annual growth
for the entire building stock: 33 515 buildings per year). Cur-
rently, 78 buildings are constructed each year in avalanche-
prone areas, 1028 in areas prone to torrential flooding, and
2172 in areas prone to river flooding, while 26 814 buildings
are constructed annually throughout the country.
If these data are related to the annual construction activ-
ities only, neglecting the high number of already existing
buildings, a reverse trend becomes obvious (Fig. 4d): the an-
nual number of newly constructed exposed buildings versus
the total number of newly constructed buildings regardless
of the exposure is decreasing since the 1940s, but with dif-
ferent rates. The only exception is a decade of 1981–1990,
where the percentage of buildings exposed to river flooding
is slightly increasing, and the period between 1919–1944 and
1945–1960 with an increase from 4.2 to 5.5 % for torrential
flooding. For river flooding, the percentage of new develop-
ment in exposed areas decreased from 10.6 to 8.1 % for the
period under investigation, while for torrential flooding the
decrease is from 4.2 to 3.8 %. For snow avalanches, the per-
centage is within a range of 0.3–0.4 % only.
The results of a cumulative analysis including the entire
building stock and focusing on inter-annual changes in the
construction activity between exposed buildings and the to-
tal building stock are shown in Fig. 5 by the relation between
annual dynamics in new constructions per year against the
respective entire building stock at each time step. Because of
the relatively low number of exposed buildings in the coun-
try (cf. Table 1), the resulting percentage is low. For river
flooding, a slight increase in the share of elements at risk ex-
posed from 9 to 9.8 % is detectable until the 1960s and since
then a slight decrease to 9.2 % can be proven. In contrast,
with respect to torrential flooding, the percentage of share
of elements at risk is slightly decreasing from 5 to 4.8 % for
the period 1919-1944, subsequently increasing to 5.1 % until
1970, and decreasing again to 4.7 %. For snow avalanches,
the values are slightly decreasing over the entire period un-
der investigation from 0.6 to 0.4 %. The buildings exposed to
river flooding and torrential flooding are increasing in value
compared to the non-exposed buildings, in particular during
the period 1944–1990. The number of residents exposed is
following a similar increase than the value of buildings from
7.2 to 9.7 % for river flooding. For torrential flooding, the
increase is from 3.2 to 4.0 %, whereas since 1980 this rate
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is almost constant around 4 %. The increase of residents ex-
posed to snow avalanches is constant with a factor of 0.3 %.
The overall dynamics, however, are within percent range.
4 Discussion
Whereas so far a general increase in the building stock could
only be proven for selected case studies if data are anal-
ysed object-based (Keiler, 2004) or aggregated in terms of
land-use classes (Cammerer and Thieken, 2013), the pre-
sented results provide more diversified insights in exposure.
To give an example, previous studies with respect to expo-
sure concluded that in some villages the property has in-
creased above-average compared to the regional-scale devel-
opment (Keiler 2004; Fuchs and Bründl, 2005). Taking the
findings presented above it was shown that hazard-dependent
above- and below-average dynamics are evident throughout
the country both for the number of buildings and citizens. In
some rural test sites, the total number of endangered build-
ings had been reported to having increased by a factor of
approximately 2.5 since 1950, most of this increase being
due to the category of accommodation facilities, such as ho-
tels and guest houses (Keiler et al., 2006a) and residential
buildings (Fuchs et al., 2005). By means of the nation-wide
building register it was shown that the exposure of differ-
ent building categories – as well as citizens exposed – is
variable in dependence on the hazard type. Cammerer and
Thieken (2013) concluded with respect to a possible future
development of exposure until 2030 that if built-up areas ex-
pand along the valley bottom in the neighbourhood to ex-
isting settlements, a considerable increase in exposure will
result. However, these projected changes in areas at risk vary
strongly between the individual land-use scenarios applied
(Cammerer and Thieken, 2013). By extrapolation of the tem-
poral dynamics it can be shown that if a further development
of construction activity in Austria following the numbers of
the period 1919–2012 is assumed, a continued increase of
buildings exposed to river flooding of 2 % per year – com-
pared to the entire building stock – would result in a num-
ber of 530 000 exposed buildings until 2100 (increase of 2.5
compared to 2012 which would be 8.1 % of the entire build-
ing stock in 2100). If new constructions would be banned im-
mediately in areas exposed to flooding and the annual growth
rate of the new constructions is assumed as 2 %, in the year
2100 still 3.4 % of the entire building stock would be ex-
posed to river flooding, and 1.7 % to torrential flooding. This
shows the considerable time lag as a result of previous land-
use decisions and therefore clearly highlights the importance
of risk management actions in terms of structural prevention
measures.
Most communities with an extraordinary share of build-
ings prone to mountain hazards are located in the moun-
tainous part of Austria, communities with an above-average
exposure to river flooding are cities or centred on agglom-
erations in the alpine foreland. Given the economic struc-
tural change from the primary to the tertiary sector within
the country, a high number of hotels is located in mountain
tourist-spots, which explains the high exposure to mountain
hazards. In turn, in regions with an emphasis on the sec-
ondary sector, a considerable share of commercial buildings,
which are usually space-requiring, is located in flood plains
of larger rivers or – historically grown – along mountain tor-
rents because of the demand for hydropower. The category
of buildings for cultural activities also requires space, and is
therefore also often located in the flood plains. These areas
were traditionally also used for agricultural purposes, which
explains the above-average presence of agricultural build-
ings in these areas. Hence, since information on the build-
ing stock became increasingly available throughout Europe
(e.g. Jongman et al., 2012b), more accurate information on
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values exposed can be obtained contributing to strategic haz-
ard and risk management (Mazzorana et al., 2009, 2012).
Moreover, the results allow for adjusting adaptation strate-
gies (Rojas et al., 2013). Small-scale differences in exposure
can be precisely shown, which allows for more differentiated
management strategies such as increasing community aware-
ness (Fuchs et al., 2009; Meyer et al., 2012), implementing
local structural protection (Holub et al., 2012) or fostering
tailored insurance solutions (Paudel et al., 2013; Carina et
al., 2014). Future investments into risk management are en-
couraged in particular for those communities with an above-
average exposure to individual hazard types. As a result, pub-
lic investments in mitigation measures can be targeted at re-
gions with higher values at risk, which follows the axiom
of spending public funding with the highest return of invest-
ments (Meyer et al., 2013).
The results also proved that the number of documented
hazard events as shown in Fig. 1 should not directly be used
to assess the development of losses and exposure: while the
overall stock of exposed buildings as well as the non-exposed
buildings increased by a factor of 2.3 between 1960 and
2000, the number of damaging hazard events was almost de-
creased by 50 %. With respect to the annual growth rate of
non-exposed and exposed buildings, the total building stock
as well as the buildings exposed to river flooding and torren-
tial flooding show similar characteristics and a rate of around
a factor of six. The buildings exposed to snow avalanches
again have a below-average rate (around 4.2). The total num-
ber of new constructions, in contrast, increased since 1944
and culminated in the period 1971–1980 followed by a sharp
decrease and an additional increase since 2000 (Fig. 4c). As
such, factors other than exposure may be responsible for tem-
poral dynamics of natural hazard loss, such as (a) changes in
the natural process activity resulting from the effects of cli-
mate change, and (b) the implementation of technical mitiga-
tion measures leading to less exposure or vulnerability. These
factors were explicitly neglected during the present study in
order to get the signal of dynamics in peril exposure in moun-
tain environments.
Comparing the ratio between new constructions and the
existing building stock (Fig. 5) and the annual ratio of new
constructions inside hazard-prone areas and the total new
constructions (Fig. 4d), a time lag between actual planning
decisions and their effects on exposure becomes evident.
While the ratio of buildings exposed to river flooding com-
pared to the cumulative development of buildings stock is
increasing until the 1960s, the ratio of annual constructions
inside endangered areas is already decreasing starting with
1945 due to the relatively higher number of non-exposed
buildings in Austria (almost 87 % of the entire stock). With
the exception of the decade 1981–1990, where a slight in-
crease in this annual ratio is detectable, both the annual ratio
of exposed to non-exposed buildings and the ratio between
exposed buildings and the entire stock is decreasing. This
may be interpreted as success of land-use planning activi-
ties (namely hazard mapping and the related ban of new con-
structions inside red hazard zones), even if a clear relation
between new constructions and the implementation of haz-
ard maps cannot be deduced. Because fewer buildings are ex-
posed to torrential flooding, this pattern cannot be followed
in this category of exposure: for torrential flooding both the
annually constructed number of buildings exposed compared
to the entire building stock (Fig. 5) and the annual number of
constructions inside endangered areas (Fig. 4d) is decreasing
until 1944, followed by an increase until 1970 and 1960, re-
spectively. Since then, both ratios are continuously decreas-
ing. This clearly shows the dependency of success in land-
use planning on the initial situation, and in turn reveals the
challenge in exposure in a different light: even if the ratio of
annual new development inside and outside endangered areas
is decreasing, the effects will be unveiled decades later. More
precisely, the fewer buildings are exposed in comparison to
the entire buildings stock, the longer land-use regulations en-
acted today will take to show success.
Nevertheless, some limitations of the data have to be ad-
dressed. While this study relies on a building inventory pro-
viding detailed information on the characteristics and types
of the current building functionality, dimension and resi-
dents, historical information on the population composition
as well as information on former population registers would
enhance the significance of the results with respect to ex-
posed citizens. Furthermore, exposure analysis is only pos-
sible for those buildings where information in the building
register is available. Minor auxiliary buildings and remote
agricultural buildings without addresses are not considered.
Furthermore, around 8 % of the communities with an obliga-
tion for hazard mapping is not considered because of miss-
ing hazard information – the mandatory hazard map has not
yet been compiled and set effective in law, respectively. De-
spite these limitations, the results demonstrate advantages in
comparison to local-scale case studies, and provide valuable
information for decisions in natural hazard mitigation.
5 Conclusions
A detailed and spatially explicit object-based assessment of
buildings exposed to natural hazards in Austria was under-
taken, including elements at risk to river flooding, torren-
tial flooding, and snow avalanches. While some regions have
shown a clearly above-average increase in assets, other re-
gions were characterised by a below-average development.
This mirrors the topography of the country, but also the dif-
ferent economic activities: as such, hotels and hostels were
found to be extraordinarily prone to mountain hazards, and
commercial buildings as well as buildings used for recre-
ational purposes to river flooding. Residential buildings have
shown an average exposure, compared to the number of
buildings of this type in the overall building stock.
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In conclusion, a nation-wide and object-based assessment
has advantages compared to the traditional approaches based
on individual case studies: exposure to natural hazards is het-
erogeneous, and follows small-scale patterns which cannot
necessarily be satisfyingly modelled by only assessing one
hazard type within a specific local environment. The accu-
racy of such information may be used – together with down-
scaled climate projections and combined with appropriate
hazard models – to provide valuable risk estimates on a na-
tional scale. As a result, such approaches may also be valu-
able for the implementation of the European Floods Direc-
tive. The presented method together with the results may be
used for similar assessments focusing on hazards other than
those covered by the Directive, and may enable for a more
precise overview on exposure and possible losses. This may
link the development of risk to socio-economic development
indicators, and improve available risk management options
facing the challenge of global environmental change.
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